A differing role of oxidative stress in the regulation of central and peripheral hemodynamics during exercise in heart failure.
IN PATIENTS WITH HEART FAILURE (HF), activities of daily living and exercise capacity are often limited, resulting in decreased physical capacity and greater morbidity and mortality (31) . In these patients it is often assumed that exercise capacity depends on the severity of cardiac dysfunction (43, 48) , but ejection fraction and measures of left ventricular performance do not always correlate with exercise tolerance (16) . These observations support the concept that the limited exercise capacity in HF patients may also result from a complicated pathophysiology in the periphery that includes alterations in skeletal muscle function (12) , increased endothelin-1 (ET-1) production (34) , decreased endothelial function (11) , and augmented sympathoexcitation (6) .
During exercise, blood flow to the working skeletal muscle increases primarily from an increase in cardiac output (CO) and the redistribution of blood flow, largely regulated by the sympathetic nervous system. The increased group III and IV muscle afferent nerve activity elicits a peripheral neural reflex, known as the "exercise-pressor reflex" (27) , which contributes to an increase in blood pressure, heart rate (HR), and peripheral vasoconstriction during exercise (40) . Together, these variables play an integral role in the regulation of blood flow to metabolically active and inactive vascular beds. Previous research has established that in animal models of HF (41) as well as in patients with HF (30) , sympathetic nerve activity is not only higher at rest but even more exaggerated during exercise. Although the increased sympathetic nerve activity in HF is compensatory in nature; in the long term, it is likely detrimental to exercise capacity (29) , with the true central and peripheral hemodynamic impact remaining unclear (15, 51) .
Oxidative stress represents an imbalance between free radical production and endogenous antioxidant defenses and is known to be elevated in HF (19) . Indeed, an increased concentration of free radicals, particularly superoxide, have been linked to peripheral hypoperfusion, peripheral endothelial dysfunction, and exaggerated sympathetic nerve activity in patients with HF (22) , which are all likely contributors to exercise intolerance. A prior study, in an animal model of HF, revealed that decreasing free radicals by an arterial antioxidant infusion attenuated sympathetic nerve activity and mean arterial pressure (MAP) during muscle contraction (22) . Interestingly, indexes of oxidative stress have been closely correlated with peak exercise oxygen consumption and the New York Heart Association (NYHA) functional classification of HF patients (19, 28) . However, the actual contribution of free radicals to hemodynamic control in patients with HF at rest and during exercise remains to be elucidated.
Consequently, with the use of rhythmic isometric handgrip exercise and an acute oral antioxidant cocktail (AOC), this study sought to better characterize the role of free radicals in the regulation of central and peripheral hemodynamics at rest and during exercise in patients with HF. We hypothesized that in contrast to controls, patients with HF will 1) exhibit evidence of elevated oxidative stress, 2) have exaggerated HR and MAP responses during handgrip exercise, 3) demonstrate an AOC-induced reduction in systemic vascular resistance (SVR) that will attenuate the exaggerated MAP and HR during handgrip exercise, and 4) experience a reduction in peripheral vascular resistance (PVR) in response to the AOC.
METHODS

Subjects.
A total of 20 male subjects (10 healthy controls and 10 NYHA class II and III HF patients) were recruited either by word of mouth or in the HF clinics at the University of Utah and the Salt Lake City VA Medical Center. The protocol was approved by these institutions, and written informed consent was obtained from all participants. All studies were performed in a thermoneutral environment at least 3 days apart, to allow for washout of the oral AOC, in a balanced crossover design. The healthy controls were normotensive (Ͻ140/90), not taking any prescription medication, and free of overt cardiovascular disease, as determined by health history questionnaire. Exclusion criteria for the healthy controls included subjects with diagnosed cardiovascular disease, diabetes mellitus, hypercholesterolemia, and hyptertension. Inclusion criteria for the patients with HF included NYHA classification of II and III and an ejection fraction of Ͻ35%. All of the subjects were nonsmokers and did not participate in any form of regular exercise. All subjects reported to the laboratory in a fasted state and without caffeine or alcohol use for 12 and 24 h, respectively. Additionally, subjects had not performed any exercise within the past 24 h, and if antioxidants and/or a multivitamin were part of a subject's daily routine, they were asked to refrain from these for at least 3 days before testing.
Handgrip exercise protocol. Subjects were instrumented with a Finometer (Finapres Medical Systems, Amsterdam, The Netherlands) on the nonexercising arm to assess central hemodynamics and then rested supine for ϳ20 min before baseline resting measurements of MAP, HR, stroke volume (SV), and CO. Ultrasound Doppler was used to assess resting brachial artery diameter and blood velocity. Handgrip maximal voluntary contraction was then determined (average of 3 maximal efforts) in the dominant arm. Rhythmic handgrip exercise (1 Hz) was performed at three workloads (4, 8, and 12 kg) using a commercially available handgrip dynamometer (TSD121C, Biopac Systems, Goleta, CA). The subjects squeezed the dynamometer to the sound of a digital metronome at 60 beats/min. A computer monitor was positioned so that the subjects could observe their force output and make corrections whenever necessary. Each exercise stage lasted 3 min to ensure the attainment of steady-state hemodynamics. Central hemodynamics, brachial artery diameter, and blood velocity were assessed continuously, but only the steady-state data (last 60 s) of each exercise stage were analyzed.
Central hemodynamic assessments. Throughout the entire protocol HR, SV, CO, and MAP signals from the Finometer (Finapres Medical Systems) underwent analog-to-digital conversion and were simultaneously acquired (200 Hz) using commercially available data acquisition software (AcqKnowledge, Biopac Systems). SV was calculated using the Modelflow method, which includes age, sex, height, and weight in its algorithm (Beatscope version 1.1; Finapres Medical Systems) (3) and has been documented to accurately track CO during a variety of experimental protocols including exercise (8, 9, 42, 43a, 45) and in patients with both hypertension and vascular disease (4) . CO was then calculated as the product of HR and SV. Cardiac index (CI) was calculated as CO/body surface area (in m 2 ). SVR was calculated as MAP/CO.
Brachial artery assessments. Brachial artery diameter and blood velocities were measured with ultrasound Doppler using a General Electric Logiq 7 ultrasound system (General Electric Medical Systems, Milwaukee, WI). Angle-corrected and intensity-weighted mean velocities (V mean) were determined using commercially available software (Logic 7). Using V mean and arterial diameter, brachial artery blood flow was calculated as follows: blood flow ϭ V mean(arterial diameter/2) 2 ϫ 60, where blood flow is expressed as milliliters per minute. Peripheral (arm) vascular resistance (PVR) was calculated as MAP/brachial artery blood flow.
Antioxidant supplementation. On two separate visits to the laboratory, separated by a minimum of 3 days, subjects received either the AOC or placebo in a balanced, single blind design, though all analyses were performed by an individual blinded to both patient group and intervention. The supplements were administered 90 and 60 min before the handgrip protocol. A split dosing was used to improve absorbance and distribution of the antioxidants. The first antioxidant dose included vitamin E (200 IU), vitamin C (500 mg), and ␣-lipoic acid (300 mg), and the subsequent dose included water soluble vitamin E (400 IU), vitamin C (500 mg), and ␣-lipoic acid (300 mg). The placebo microcrystalline cellulose capsules, which were of similar taste, color, and appearance, were also consumed in two equivalently timed doses. The efficacy of this AOC to reduce plasma free radical concentration has been previously established using ex vivo spin trapping and electron paramagnetic resonance (EPR) spectroscopy (36, 50) .
Assays. In both the placebo and antioxidant trials, blood samples were obtained from the antecubital vein before testing. Lipid peroxidation, a marker of oxidative stress, was assessed by quantifying plasma malondialdehyde (MDA) levels (Oxis Research/Percipio Bioscience, Foster City, CA). Antioxidant capacity was assessed by determining the ferric reducing ability of plasma (FRAP). Endogenous antioxidant activity, assessed by superoxide dismutase (SOD) and catalase activity, were assayed in the plasma (Cayman Chemical, Ann Arbor, MI) and the efficacy of the AOC to acutely raise plasma ascorbate levels in the blood was determined (CosmoBio, Carlsbad, CA). Plasma ET-1 concentration was also determined (R&D Systems, Minneapolis, MN). A lipid panel and complete blood count were performed by standard clinical techniques.
Statistical analyses. A two-by-two (intervention and group) repeated-measures ANOVA was used to determine whether the oxidative stress/antioxidant assays and baseline hemodynamic measures differed between groups and intervention. A two-by-three (intervention and exercise intensity) repeated-measure ANOVA was performed to identify changes in dependent variables within groups, drug condition, and across exercise intensities (SPSS 17.0, Chicago, IL). Tukey's honestly significant difference test was used for post hoc analysis when a significant main effect was identified. Statistical significance was established with ␣ Յ 0.05. All data are expressed as means Ϯ SE.
RESULTS
Subject characteristics.
Baseline characteristics of the healthy control subjects and HF patients are displayed in Table 1 . Diseasespecific characteristics and medications of the patients with HF are displayed in Table 2 . The handgrip maximal voluntary contractions were similar between both the controls (35.4 Ϯ 4.9 kg) and the HF patients (35.5 Ϯ 4.2 kg). Therefore, the absolute workloads chosen (4, 8, and 12 kg) were also of similar relative intensities (ϳ11, ϳ23, and ϳ34%, respectively) for both groups.
Assays. The AOC significantly elevated plasma ascorbate concentration by ϳ50% in both the HF patients and in the controls 2 h after the ingestion of the first AOC dose (Fig. 1A) . The AOC also significantly increased antioxidant capacity, as measured by FRAP, in the control group, whereas the HF patients tended to already have greater antioxidant capacity than the control group (P ϭ 0.09) (Fig. 1B) . MDA, a marker of lipid peroxidation and therefore oxidative stress, was significantly elevated in the patients with HF compared with the controls (Fig. 1C) . Although not achieving statistical significance, the AOC lowered MDA by ϳ21% in the controls and ϳ9% in the patients with HF. Catalase activity was not different between the patients with HF and the controls but was increased in both groups following the AOC ingestion (Fig.  1D) . SOD activity was ϳ83% higher in the patients with HF compared with controls and was unaltered in either group by the AOC ingestion (Fig. 1E) . Baseline ET-1 concentration (placebo) was significantly higher in the patients with HF (1.86 Ϯ 0.2 pg/ml) compared with the controls (1.29 Ϯ 0.2 pg/ml) with no effect of the AOC in either group.
Central hemodynamics. At rest in the placebo condition, MAP was significantly lower in the HF patients (86 Ϯ 3 mmHg) compared with the controls (96 Ϯ 3 mmHg) (P Ͻ 0.05), but there were no differences in HR, SV, or CO. Given the significant differences in body mass between the two groups, CO is represented as CI. During handgrip exercise the MAP following the placebo and AOC were both significantly lower in the HF patients at all workloads compared with controls ( Fig. 2A) . In the HF patients, ingestion of the AOC resulted in significantly lower MAP at rest (placebo, 86 Ϯ 3 mmHg; and AOC, 82 Ϯ 2 mmHg) and throughout all stages of handgrip exercise (ϳ6 mmHg at each workload) ( Fig. 2A) . This reduction in MAP was accompanied by nonsignificant increases in HR and SV, which resulted in a statistically significant increase in CI at all time points following ingestion of the AOC (Fig. 2B ). In the placebo trial there were no significant differences in SVR between groups at rest or during handgrip exercise. However, in the HF patient group the AOC significantly reduced SVR at rest and throughout each stage of exercise by ϳ12% (Fig. 2D) .
Peripheral hemodynamics. Resting brachial artery blood flows were not different between subject groups or treatments. During handgrip exercise, brachial artery blood flow increased with increasing workload, but there were no differences in blood flow between groups under any of the conditions (Fig.  2C) . Similarly, there were no significant differences in arm PVR between groups or treatments (Fig. 2E) . Brachial artery diameters were not different at rest either between groups or as a consequence of ingesting the AOC and again this observation held true during exercise.
DISCUSSION
This study sought to characterize the role of free radically mediated oxidative stress in regulating central and peripheral hemodynamics at rest and during exercise in patients with HF. In the current subjects, oxidative stress was confirmed to be significantly elevated in the HF patients, but increased activity of the endogenous antioxidant SOD suggested some degree of compensation. Although the ingestion of the AOC significantly increased plasma ascorbate concentration and endogenous antioxidant activity (catalase) in both the patients and controls, only in the patients with HF did this intervention result in a significant hemodynamic response. Specifically, at rest the AOC resulted in a significant reduction in SVR (Ϫ12%) that provoked a significant decrease in MAP (Ϫ5%) and an increase in CI (ϩ7%) responses which were maintained throughout the three stages of handgrip exercise. The peripheral response to the AOC contrasted starkly with these changes, with no change in either arm blood flow or PVR. These data provide evidence that in HF patients, SVR is, at least in part, mediated by oxidative stress. However, this does not appear to be the result of limb or skeletal muscle-specific changes in PVR.
Oxidative stress and antioxidants in HF. Oxidative stress occurs when there is an imbalance between free radical production and antioxidant defenses. Both human studies (19) and animal models (22) of HF suggest that oxidative stress is elevated in this disease population, and this excess free radical load has been implicated as contributing to many of the structural and functional changes, such as myocardial and ventricular remodeling and both contractile and endothelial dysfunction, that are characteristic of HF. Elevated levels of oxidative stress in the current patients with HF were confirmed by an elevation in MDA, a marker of lipid peroxidation, compared with controls (Fig. 1C) . This is in agreement with prior work by Ellis et al. (13) who documented elevated thiobarbituric acid reactive substances, also an indicator of lipid peroxidation, in patients with HF. In terms of the endogenous antioxidant defense system in patients with HF, previous research has been quite inconsistent with studies reporting that activity was increased (10), decreased (23), or unchanged (28) . In the present study the patients with HF exhibited ϳ83% greater SOD activity and a tendency for greater catalase activity (Fig. 1, D and E) . SOD is typically considered as the first line of defense against accumulating free radicals, and superoxide is the radical that is often linked to vascular dysfunction and exaggerated sympathetic nerve activity in HF patients (22) . Although previous findings in terms of SOD activity in patients with HF have been inconsistent, the current data, revealing increased SOD activity, can be interpreted as evidence of a compensatory upregulation because of the concomitantly greater oxidative stress in these patients. The efficacy of the AOC used in the current study has previously been documented by the clear reduction in bloodborne free radicals directly measured by ex vivo spin trapping and EPR spectroscopy (36, 50) . Interestingly, although in the current study the AOC clearly raised antioxidant levels in both the patients with HF and controls (Fig. 1, A and B) , MDA only tended to be lower in both the controls and patients with HF with this intervention. This is in agreement with the findings of Ellis et al. (13) who reported that whereas long-term vitamin C supplementation in HF patients had a significant effect on lipid peroxidation, as measured by thiobarbituric acid reactive substances, short-term vitamin C infusion had no measurable effect on this footprint of oxidative stress. Additionally, although there was a main effect of the AOC on the assessment of antioxidant capacity, as measured by FRAP, post hoc analyses support the qualitative assessment (Fig. 1B) that this was driven by a change in the control group and not in the patients with HF. This is likely partially explained by the tendency (P ϭ 0.09) for the patients with HF to already have a greater antioxidant capacity than the controls before ingesting the AOC, making the AOC-induced increase, an even smaller relative component of all the antioxidants assessed by the FRAP assay. Regardless, it is apparent from the systemic hemodynamic data that the AOC had a clear physiological impact in the patients with HF and not the controls, and this was likely due to greater initial levels of free radicals and oxidative stress in the patients.
Effect of HF on hemodynamic responses to exercise. It is well accepted that in HF patients, sympathetic nerve activity is augmented at rest (24, 44) and often well related to morbidity and mortality (2, 6) . During exercise, increased group III and IV muscle afferent nerve activity results in sympathoexcitation causing global vasoconstriction. This serves to increase CO and in conjunction with local vasodilation helps to shunt blood toward the working skeletal muscle. Sympathoexcitation during exercise is greater in patients with HF than healthy individuals (30) . This exaggerated response appears to negatively impact exercise tolerance, which is likely a result of excessive PVR (30) . Consequently, we hypothesized that in response to rhythmic isometric handgrip exercise, HF patients would exhibit exaggerated MAP and HR responses governed by the sympathetic nervous system. However, the HF patients in the current study had a significantly lower MAP at rest (86 Ϯ 3 mmHg) compared with the controls (96 Ϯ 3 mmHg), and despite having a relatively normal increase in MAP with each exercise workload (4, 8, and 12 kg), this baseline shift remained evident throughout exercise ( Fig. 2A) . This lower initial MAP can likely be attributed to the patient's pharmacological therapy, and it is possible that the exercise-induced response was minimal due to the relatively low workloads used in this study. However, we chose to maintain the patient's pharmacological therapy throughout the study to both minimize patient risk and better understand the challenges these patients face in the "real world" when their disease is optimally pharmacologically controlled.
In the current study, MAP in both the controls and HF patients rose above baseline with each exercise workload with a similar magnitude, but there was only a clear rise in CI in the controls, whereas the response appears to be blunted in the HF patients (Fig. 2B ). This supports previous animal (18, 32) and human studies (7) that suggest in HF, the rise in MAP in response to the metaboreflex is achieved by a systemic increase in vascular resistance (SVR) compared with normal subjects who increase CO. It is well known that in health SV increases during exercise, but, in contrast, HF patients are unable to increase myocardial contractility, though not measured in the current study, which often leads to a slight decrease or attenuation in the SV response (5) . The associated difficulty in increasing CO in HF and an impaired baroreflex buffering of the metaboreflex results in a rise in SVR (20) . The current study documents that in response to handgrip exercise, there was a significant increase in SVR in the HF patients and a decrease in SVR in the controls (Fig. 2D) , further suggesting that CO is no longer the primary mechanism mediating the pressor response in this patient population, and it is instead an increase in SVR. Interestingly, despite these differences in MAP and SVR responses, there were no such dissimilarities in brachial artery blood flow or PVR (arm) at rest or during handgrip exercise in the controls and the patients with HF (Fig. 2, C and E) .
Oxidative stress and central hemodynamic responses to exercise. Several large clinical trials have revealed that decreasing sympathetic activity in HF patients can actually improve mortality (33, 35) , thus providing an important therapeutic target, particularly during exercise when this response has the potential to be more exaggerated. Given the growing evidence supporting the link between oxidative stress and HF, several studies using animal models of HF and an intra-arterial infusion of a SOD mimetic have revealed a reduction in sympathetic nerve activity (17) and therefore the exercise pressor response during muscle contraction (22, 46) . As illustrated in Fig. 2, A, B , and D, ingestion of the oral AOC by the patients with HF in the current study resulted in significant central hemodynamic changes, which were evident both at rest and across all levels of handgrip exercise. These findings are consistent with the reduced blood pressure and sympathetic nerve activity documented in the previously discussed HF animal models (17, 22, 46) . In a HF-induced rabbit model, supplementation with ␤-carotene, ascorbic acid (vitamin C), and ␣-tocopherol (vitamin E), a combination of antioxidants similar to those used in the current study, reduced tissue oxidative stress and attenuated the associated cardiac dysfunction, caused ␤-receptor downregulation, and reduced sympathetic nerve terminal abnormalities (37) . Previous work by our group, (50) reported that this AOC significantly decreased free radical concentration, as assessed by EPR spectroscopy, and resulted in a fall in blood pressure in healthy older individuals that almost achieved statistical significance (P ϭ 0.07). Also of interest is that despite the HF patients in the current study having higher baseline ET-1 concentrations, which is a contributor to increased SVR in HF patients (21), the AOC had no effect on ET-1 levels, suggesting that changes in ET-1 played a minimal role in the observed AOC-induced drop in SVR and MAP. Therefore, we were able to reveal that SVR in pharmacologically treated HF patients is partially mediated by oxidative stress.
Oxidative stress and peripheral hemodynamic responses to exercise. Previous research in HF patients has reported that peripheral blood flow is reduced at rest (51) and during exercise (43, 48) , contributing to the exercise intolerance that is a hallmark characteristic of the disease. Although there have been considerable variations in terms of the extent and potential mechanisms responsible for the attenuated peripheral blood flow in patients with HF because of methodological differences, exaggerated or inappropriate sympathoexcitation is likely a primary contributor (25, 26, 39, 51) . We hypothesized that, as with the central hemodynamics, there would be an AOC-induced reduction in PVR (arm) during exercise, such that the potentially exaggerated MAP response in patients with HF patients would not occur. However, in the placebo condition, this group of patients with HF, using the submaximal handgrip exercise model, did not respond differently, in terms of peripheral hemodynamics, from the controls. In fact, there were no significant differences in PVR (arm) or brachial artery blood flow (Fig. 2, C and E) at rest or during exercise between the patients and controls, with or without the AOC. Our findings, under the placebo condition, are similar to previous studies by Shoemaker et al. (38) and Wiener et al. (47) who reported similarly attenuated MAP in patients with HF and also failed to see differences between the HF patients and controls in terms of forearm blood flow during a bout of handgrip exercise.
Given the AOC-induced fall in MAP and recognizing Ohm's law and how it relates to the human vascular system, either arm vascular resistance, brachial artery blood flow, or both would be expected to fall in this scenario. Although not statistically significant, there was such a trend in blood flow following ingestion of the AOC (Fig. 2C) , but there was no such trend in arm vascular resistance (Fig. 2E) . These results are similar to a recent study by Alves et al. (1) who also reported no change in arm vascular resistance and forearm blood flow following an acute intra-arterial infusion of vitamin C in patients with HF. Thus the impact of the AOC on peripheral hemodynamics at both rest and exercise are in stark contrast to the change in central hemodynamics, revealing that the central changes do not appear to be the result of alterations in arm or skeletal muscle-specific peripheral resistance.
Experimental considerations. We recognize several limitations in our study. First, although the Finometer and the Modelflow method have been previously used successfully during a variety of experimental protocols, particularly when determining relative changes (9, 42, 45) and in patients with both hypertension and vascular disease (4), it does assume a functioning aorta and aortic valve. In the present study we did not measure aortic regurgitation or aortic transmural pressure. We also acknowledge that we did not directly measure free radicals in the present investigation but instead relied on assessments of oxidative stress. Thus, although the AOC used in this study has been previously reported to reduce free radicals, as measured by EPR spectroscopy (36, 50) , the current findings are limited to the interaction between markers of oxidative stress and the central and peripheral hemodynamics. Additionally, as we chose not to remove our patient population from their current medications, we cannot rule out the possibility of a significant drug/AOC interaction.
Conclusion. This study documents that in patients with HF, both at rest and during exercise, alterations in central but not peripheral hemodynamics are, at least partially, mediated by oxidative stress. These findings have the potential to guide future investigations targeting oxidative stress, exercise intolerance, and therefore disease progression in this population.
